Hypothalamic orexin/hypocretin neurons recently emerged as key orchestrators of brain states and adaptive behaviors. They are critical for normal stimulation of wakefulness and breathing: Orexin loss causes narcolepsy and compromises vital ventilatory adaptations. However, it is unclear how orexin neurons generate appropriate adjustments in their activity during changes in physiological circumstances. Extracellular levels of acid and CO 2 are fundamental physicochemical signals controlling wakefulness and breathing, but their effects on the firing of orexin neurons are unknown. Here we show that the spontaneous firing rate of identified orexin neurons is profoundly affected by physiological fluctuations in ambient levels of H ؉ and CO2. These responses resemble those of known chemosensory neurons both qualitatively (acidification is excitatory, alkalinization is inhibitory) and quantitatively (Ϸ100% change in firing rate per 0.1 unit change in pH e). Evoked firing of orexin cells is similarly modified by physiologically relevant changes in pHe: Acidification increases intrinsic excitability, whereas alkalinization depresses it. The effects of pHe involve acid-induced closure of leak-like K ؉ channels in the orexin cell membrane. These results suggest a new mechanism of how orexin/hypocretin networks generate homeostatically appropriate firing patterns.
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arousal ͉ hypocretin ͉ hypothalamus ͉ pH ͉ breathing E ven small changes in extracellular levels of protons ([H ϩ ] e ) are fatal to mammalian cells and tissues. The brain rapidly counteracts such changes with finely tuned adaptations in breathing, behavioral arousal, and aversive panic responses (1) (2) (3) (4) . Breathing controls [H ϩ ] e through CO 2 removal (in the body, H ϩ ϩ HCO 3 Ϫ 7 CO 2 ϩ H 2 O), while behavioral arousal ensures that any obstructions to breathing can be effectively removed. For example, respiratory acidosis produced by sleep apnea causes awakening and stimulates breathing, which normalizes [H ϩ ] e . Failure of such reflexes is thought to contribute to fatal conditions such as sudden infant death syndrome (5, 6) .
To elicit appropriate changes in breathing and arousal, neurons need to translate changes in [H ϩ ] e into appropriately coordinated responses. In many neurons, [H ϩ ] e depresses electrical excitability (i.e., acidosis is inhibitory and alkalosis is excitatory) (7) . However, the opposite type of cellular response is thought to be important for the vital adaptive reflexes mentioned earlier: a steep increase in firing rate by physiological acidification and a steep decrease in firing upon alkalinization (4) . Such specialized chemosensory firing responses are traditionally associated with neurons of the brainstem, a key center in the control of arousal and breathing (1, 3, 4) . The ionic basis of these responses is controversial and has been proposed to involve ion currents mediated by GABA A Cl Ϫ channels, Ca 2ϩ channels, inwardly rectifying K ϩ channels, voltage-gated K ϩ channels, and leak-like K ϩ channels (4) . However, all these channels are also expressed in many nonchemosensory neurons (8) , and thus their presence alone does not signify whether a neuron is chemosensory. To draw this conclusion, it is necessary to perform direct measurements of firing rate and membrane potential at different levels of [H ϩ ] e . Although until now most work on neuronal chemosensing has focused on the brainstem, historical evidence indicates that the hypothalamus is also vital for maintaining normal breathing and arousal (9, 10) . Hypothalamic neurons responsible for these functions have only recently been identified and found to contain peptide transmitters called orexins/hypocretins (11, 12) . Orexincontaining neurons (orexin neurons) are located in the lateral hypothalamus (LH), but project widely throughout the brain, where orexins act on two specific G protein-coupled receptors (13) . Both arousal and breathing centers receive stimulatory inputs from orexin neurons (14) (15) (16) . Orexin neurons attracted great attention when they proved to be targets in narcolepsy, where their destruction causes irresistible daytime sleepiness, disturbed night-time sleep, and cataplexy (17) (18) (19) . The activity of orexin neurons is also essential for adaptive exploratory responses to food shortage (20) . Furthermore, recent data show that orexin knockout severely compromises the ability to increase breathing during acidosis (16) .
These studies established that orexin neurons are essential for appropriate adjustments of brain and behavioral states to the internal and external environments (13) . However, the regulation of orexin neurons is much less understood. In particular, it is unknown whether the firing of orexin neurons is sensitive to physiologically relevant changes in fundamental homeostatic signals such as [H ϩ ] and [CO 2 ]. To document such responses and compare them to known chemosensory neurons, we performed electrophysiological recordings from orexin neurons identified by targeted expression of GFP in transgenic mice. We show that orexin cell firing is potently stimulated by CO 2 and H ϩ through a mechanism involving acid-induced inhibition of postsynaptic leak-like K ϩ channels. We find that this enables orexin cell firing to encode small physiological changes in pH with high sensitivity, comparable to that of classical chemosensory neurons of the brainstem. These results identify a new mechanism by which hypothalamic orchestrators of adaptive behavior generate homeostatically appropriate patterns of activity.
Results

Firing Responses of LH Orexin Cells to Physiological Fluctuations in
pH e. Living orexin neurons are difficult to identify because they exhibit few defining anatomical features and are intermixed with many other types of cells in the LH. To overcome this problem, we used brain slices from transgenic mice that selectively express GFP in orexin neurons, allowing precise identification of living orexin cells for electrophysiological recordings (see Methods).
In the intact brain in vivo, the interstitial pH is generally Ϸ7.1 to 7.25, but can fluctuate between 6.9 and 7.4, for example, in response to hypo-and hyperventilation, respectively (21 , we also varied pH e without changing the latter two parameters, using bicarbonate-free solutions buffered with the artificial H ϩ buffer Hepes (see Methods). Switching pH e from 6.9 to 7.4 with Hepes-buffered solutions suppressed the spontaneous firing of orexin cells Ϸ10-fold, induced membrane hyperpolarization, and increased membrane conductance (Fig. 1B) . Hepes-buffered solutions were used in subsequent experiments for better pH control (22) .
Firing Responses of LH Nonorexin Cells to Physiological Fluctuations in pHe.
To examine the specificity of the [H ϩ ] e effects, we also performed recordings from other LH neurons. We chose cells that were near orexin neurons, but did not display GFP fluorescence and did not possess the defining electrical fingerprints of orexin neurons [electrical fingerprinting involving hyperpolarizing current injections was routinely performed as in our previous studies (23, 24) ]. In contrast to orexin neurons, the firing and membrane resistance of these nonorexin cells was either unaffected by a pH e switch from 6.9 to 7.4 (see Fig. 1C ) or accelerated by this alkalinizing switch (n ϭ 3, data not shown). These data imply that the changes in orexin cell firing on physiological changes in pH e ( Fig. 1 A and B) are not a general characteristic of LH neurons, but represent a more specific property of orexin cells.
Steepness of the Relationship Between pHe and Orexin Cell Firing.
The slope of the relationship between spontaneous firing rate and extracellular pH is considered of critical importance for classifying neurons as chemosensory (4) . To investigate this parameter in orexin neurons, we exposed them to different levels of pH e and measured steady-state firing rates at each of these levels ( Fig. 2) . pH e shifts that were much smaller than the extreme changes used in Fig. 1 were also effective in changing orexin cell firing: Even switching pH e from 7.15 to 7 increased the firing rate Ͼ4-fold in some cells (e.g., Fig. 2 A) . The same cells were able to integrate both small and more extreme physiological changes in extracellular acidity (Fig. 2 A) . Within the physiological range of pH e (6.9-7.4), the firing rate was steeply dependent on pH e , decreasing from Ϸ4 Hz at pH e of 6.9 to near zero at pH e of 7.4 (Fig. 2B) . The slope of the steep part of the firing-pH e curve was close to 10 Hz per unit change in pH (Fig. 2B) , which is comparable to values observed in chemosensitive cells of the brainstem (4). We also calculated the percent change in firing rate per 0.1 unit change in pH e (see Methods), which is thought to be a better comparative measure of chemosensitivity than the absolute changes in firing rate (4) . In orexin neurons, the increase in firing rate per 0.1 pH unit acidification was 108% (see Discussion).
Effects of Physiological pHe Changes on Evoked Firing and Intrinsic
Excitability. In the behaving animal, the firing of orexin neurons is likely to be modulated by an array of neurotransmitters, hormones, and nutrients that act by triggering membrane currents (25) . It is therefore of interest to define how the sensitivity of orexin cell firing to current inputs (intrinsic excitability) is affected by pH e . We measured excitability as the number of action potentials induced by a fixed-amplitude current pulse (2-sec duration) from the same baseline membrane potential (Ϫ70 mV). The baseline potential was imposed by offsetting pH e -induced V m changes by sustained current injection (26) . Current amplitude was chosen that evoked 10 to 15 action potentials at pH e of 7.1 (typically this was 30 pA). After extracellular alkalinization from pH 7.1 to 7.4, there was a significant decrease in the number of evoked action potentials (Fig. 3) . This decrease was reversible on return to pH e of 7.1 (Fig.  3) . These data suggest that, like the spontaneous firing rate, the intrinsic excitability of orexin neurons is increased by acidification and depressed by alkalinization.
Effects of Physiological pHe Changes on Membrane Currents. To address the mechanism underlying H ϩ -sensing by orexin neurons, we combined intracellular ion substitutions with measurements of the equilibrium potential of the H ϩ -modulated conductance. In Figs. 1-3 , we used a low [Cl Ϫ ] intracellular solution (K-gluconate; see Methods), which meant that, at typical membrane potentials of orexin cells, only K ϩ and Cl Ϫ conductances were hyperpolarizing, and all other ion channels were depolarizing (27) . Therefore, the hyperpolarizing conductance activated by rises in pH e (i.e., a fall in [H ϩ ] e ) ( Fig. 1 ) must have been mediated by K ϩ or Cl Ϫ channels. We next switched to a high [Cl Ϫ ] intracellular solution (K-chloride), which sets E Cl to 0 mV, thereby making K ϩ channels the only ion channels that can hyperpolarize resting potentials of orexin cells (27) . Neither this manipulation (Fig. 4A ) nor blocking action potential-dependent synaptic communication with tetrodotoxin ( Fig. 4B ) affected the membrane potential and membrane conductance responses to H ϩ , implying that postsynaptic K ϩ , and not Cl Ϫ , channels are responsible. In direct confirmation of this conclusion, the H ϩ emodulated current had a mean reversal potential of Ϫ93 Ϯ 4 mV (n ϭ 14; mean Ϯ SEM), close to that of K ϩ (theoretical E K ϭ Ϫ97 mV). This current was activated by physiological alkalinization and inhibited by acidification (Fig. 5A) .
Several ion channels implicated in chemosensing have recently been found in orexin neurons (27, 29) . Among these are ''leak'' K ϩ channels (K 2P channels) (27) . We next directly examined the effects of pH e on membrane currents using whole-cell voltageclamp recordings (Fig. 5) to test whether acid-inhibited leak K ϩ channels are involved in firing and membrane potential responses of orexin cells to extracellular H ϩ . We found strong support for this idea: The net H ϩ -inhibited current in orexin neurons exhibited (i) current-voltage rectification well described by the Goldman-Hodgkin-Katz current equation (Fig. 5 A and  B) , and (ii) leak-like rapid activation and minimal timedependent decay in response to voltage steps ( Fig. 5 C and D) . Because these two properties, together with inhibition by H ϩ , are not features of any known ion channels apart from acid-sensitive K 2P channels (28), our findings are strong evidence that they mediate the K ϩ currents involved in H ϩ sensing in orexin neurons.
Discussion
Extracellular pH is a fundamental signal regulating breathing and behavioral arousal. Although the activity of hypothalamic orexin neurons is essential for normal adaptive increases in arousal and respiration (20, 16) , it was unknown whether orexin cell firing is sensitive to physiological changes in pH e . Here we show that the spontaneous firing rate of identified orexin neurons is profoundly affected by physiological fluctuations in acid and CO 2 levels (Figs. 1 and 2) . Crucially, these firing responses resemble those displayed by classical chemosensory neurons both qualitatively (acidification is excitatory, alkalinization is inhibitory) and quantitatively (Ϸ100% change in firing rate per 0.1 unit change in pH e ). Evoked firing of orexin cells is also modulated by physiologically relevant pH e : Acidification increases intrinsic excitability, whereas alkalinization depresses it (Fig. 3) . The effects of pH e are caused by changes in postsynaptic conductance, but Cl Ϫ channels are not essential for these responses (Fig. 4) . Instead, our data imply that acid-inhibited leak-like K ϩ channels in the orexin cell membrane are involved (Fig. 5) . These results provide an insight into how behaviorally defined hypothalamic networks generate homeostatically appropriate patterns of activity.
Orexin Neurons as Potential Polymodal Chemosensors. After the recent realization of the behavioral importance of orexin neurons (13), much work became focused on stimuli controlling their activity. This work revealed that the firing of orexin cells is regulated by diverse hormones and neurotransmitters (20, 30) . Furthermore, orexin neurons were found to act as specialized electrical sensors of glucose, translating rises in ambient levels of the sugar into reductions in their firing rate (20, 31) . Our new data show that orexin cell firing is also specialized to encode physiological levels of acid and CO 2 . This ability to sense endocrine, neural, metabolic, and physicochemical signals is reminiscent of the classical polymodal chemosensory organs, such as the carotid body (32, 33) . Combined with their ability to orchestrate diverse brain states (see below), this places orexin cells in a pivotal position to guard body homeostasis through appropriate behavioral corrections. The relative role of each type of input to orexin cells during different circumstances and stages of development is an important subject for future investigation.
In the field of chemosensing, our study supports an emerging concept that different chemosensory systems operate at different levels in the brain to link pH with breathing and arousal. In particular, there appear to be chemosensors tightly linked to the control of breathing, e.g., neurons of the retrotrapezoid nucleus of the brainstem (34) and, in parallel, systems that link pH to both breathing and arousal, such as serotonin and noradrenaline neurons of the brainstem (3, 4) and orexin neurons (this study). We estimated the chemosensitivity of orexin cell firing to be Ϸ100% rate increase per 0.1 pH unit. In the brainstem, this parameter varies from Ϸ100% for regions with the highest degree of chemosensitivity, such as the medullary raphe, to Ϸ15% for regions with the lowest chemosensitivity, such as the locus coeruleus (4). In terms of sensitivity of firing to pH e , orexin cells thus appear to be among the most sensitive known chemosensors.
Implications for Brain States and Adaptive Behaviors. We propose that the acid/CO 2 -induced changes in orexin cell firing, reported here, represent a previously overlooked physiological pathway contributing to fundamental reflexes such as increased wakefulness and breathing during sleep apnea. This sensing pathway could provide a possible explanation for the recent observation that orexin knockout reduces the breathing responses to CO 2 by Յ50% (16). Orexin cells project to respiratory centers in the brainstem and spinal cord neurons where injections of orexin stimulate breathing (15) , although the underlying mechanisms remain to be established in detail. With regard to behavioral arousal and alertness, it is well established that the activity of orexin neurons stimulates wakefulness by providing excitatory inputs to most classical arousal centers as well as directly to the cortex (13, 35, 36) . In addition, orexins may also generate anxiety and stresslike states (37, 38, 39) probably due to the reciprocal excitatory interactions with neurons containing corticotropinreleasing factor (40, 41 ). This pathway is of particular interest in the context of this study because high CO 2 levels are well known to induce anxiety responses, which are thought to be mediated in part by CO 2 /H ϩ -sensitive neurons of the locus coeruleus (4). However, as noted above, the chemosensitivity of locus coeruleus neurons appears to be Ϸ6-fold lower than that of orexin neurons. The orexin system may thus ensure a more graded transition to panic states during rising CO 2 levels, possibly in cooperation with the serotonin system of the brainstem (3). Finally, it is noteworthy that orexin neurons have many additional central projections that exert critical influences on appetite and reward/addiction (11, 42, 43) . Our findings may thus represent a new cellular link between acid-base balance and these behavioral drives.
Methods
Preparation of Brain Slices from Transgenic Mice. Mice were made transgenic for enhanced GFP (eGFP) under the control of prepro-orexin promoter as described in our previous study (27) . This procedure results in very specific targeting of eGFP only to orexin neurons (27) . Procedures involving animals were carried out in accordance with the Animals Scientific Procedures Act of 1986 (U.K.). Mice were maintained on a 12-h light:dark cycle (lights on at 0800) and had free access to food and water. Animals (14-20 days postnatal) were killed during their subjective night (the light phase), and coronal slices (250-300 m thick) containing the lateral hypothalamus were prepared as previously described (27) . (Fig. 1 A) , we used bicarbonate-buffered bath solution, which contained 125 mM NaCl, 2.5 mM KCl, 2 mM MgCl 2 , 1.2 mM NaH 2 PO 4 , and 26 mM NaHCO 3 . Bubbling this solution with 5% CO 2 (95% N 2 ) or 10% CO 2 (90% N 2 ) gave pH e values of 7.25 and 7.02, respectively (at 25°C). In the rest of the paper, we changed pH e using Hepes-buffered bath solutions based on Hopwood and Trapp (22) . These Hepes-buffered solutions were bubbled with 100% O 2 and contained 118 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 1.5 mM CaCl 2 , 25 mM Hepes, and 1 mM glucose (pH adjusted with NaOH) (22) . We also carried out experiments where ACSF was buffered with both bicarbonate and Hepes (27) , and changes in its pH were created by addition of NaOH or HCl. The effects of pH e on firing and currents of orexin cells using this solution were similar to those shown in Figs. 1-3 (n ϭ 15, data not shown) . Intracellular (pipette) solutions were based on either K-gluconate or Kchloride. K-gluconate intracellular solution (used in Figs. 1-3 Electrophysiology and Data Analysis. For patch-clamp recordings, living orexin-eGFP neurons were visualized in brain slices using an Olympus BX50WI upright microscope equipped with infrared gradient contrast optics, a mercury lamp, and filters for visualizing eGFP-containing cells (Olympus, Tokyo, Japan) (27) . Whole-cell voltage-and current-clamp recordings from orexin-eGFP neurons were performed using an EPC-9 amplifier (HEKA, Lambrecht, Germany) at 25°C as previously described (27) . Control experiments showed that physiological alkalinization of orexin cells (going from pH e 6.9-7.4) is hyperpolarizing and inhibitory, whereas acidification (going from pH e 7.4-6.9) is depolarizing and excitatory at both 25°C (n Ͼ 10 cells) and 35°C (n ϭ 4 cells). Patch pipettes were pulled from borosilicate glass and had tip resistances of 2-3 M⍀ when filled with the K-chloride pipette solution. Series resistances were in the range of 5-8 M⍀ and were not compensated. Data were sampled and filtered using Pulse/Pulsefit software (HEKA) and analyzed with Pulsefit and Origin (Microcal, Northampton, MA) software.
To monitor membrane resistance together with changes in membrane potential (Figs. 1 and 4B ), cells were injected every 10-20 sec with a fixed-amplitude (10-40 pA, 1-sec duration) square pulse of hyperpolarizing current (24) . The amplitude of the resulting downward deflections in membrane potential is proportional to membrane resistance (Ohm's law: resistance ϭ voltage divided by current), i.e., inversely proportional to membrane conductance (conductance ϭ current divided by voltage ϭ 1 over resistance).
Current-voltage relationships ( Fig. 5 A and B) were obtained by performing voltage-clamp ramps from 0 mV to Ϫ140 mV at a rate of 0.1 mV/msec ramp, which is sufficiently slow to allow leak-like K ϩ currents to reach steady-state at each potential (27, 44) . In Fig. 5B , the net current-voltage relationship was fitted with the Goldman-Hodgkin-Katz current equation (8) (8) . P K (a constant reflecting the K ϩ permeability of the membrane) was the only free parameter during fits. The value of P K used to obtain the fit shown in Fig. 5B was 0.00686. Values are presented as means Ϯ SEM.
To calculate chemosensitivity as percent firing change per 0.1 unit change in pH e , we adapted the method described in Putnam et al. (4) and used the following equation:
Here FR is firing rate, FR A is FR in acidic solution, FR ALK is FR in alkaline solution, and ⌬pH is the change in pH. The value of % change in FR given in Results (108%) was calculated using FR A and FR ALK of 3.7 Hz and 1 Hz, respectively, which were taken from data in Fig. 2B at pH e of 7 and 7.25, respectively (⌬pH ϭ 0.25).
